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CHAPTER I 
INTRODUCTION 
The basic principle of laser Doppler anemometry is a 
well understood, much-explained phenomenon. Simply put, a 
light-scattering particle passing through the fringe pattern 
created by crossing two coherent, plane polarized light 
beams modulates the reference light frequency with a charac-
teristic Doppler frequency. This Doppler frequency shift is 
equal to the component of particle velocity normal to the 
fringes, U, divided by the.fring~ spacing, S. The relation-
ship is 
U = FS F A (1-1) 
where F is the Do~pler frequency, A is the reference light 
wavelength, and (~) is the beam intersection half-angle. If 
the light~scattering particle is entrained in a fluid and 
accurately follows the fluid motion, a measurement of the 
fluid velocity can be made at the probe volume formed at the 
beam's intersection~ 
Individual Realization Anemometer 
Whenever a seed particle passes through the probe 
1 
2 
volume an individual realization of the fluid velocity 
occurs. The mode of operation of the laser Doppler 
anemometer used in this study is based on this principle of 
individual velocity realizations. This mode of operation 
occurs when the flow is so lightly seeded with scattering 
centers that in any instant there is at most one particle 
in the probe volume. Typically, particles are in the probe 
volume less than 4% of the time, which corresponds to a 
low duty cycle. Here duty cycle is the ratio of the time 
spent in the probe volume to the total time. The mean 
velocity is statistically calculated from a histogram of 
these individual realizations in addition to any other 
desired velocity information~ The difficulty with this 
approach for turbulent flows is that analyses have suggested 
that the simple ensemble average of the realizations 
u 
e = 
1 N 
l: u. 
N i=1 1 
(1-2) 
provides a higher estimate of the mean velocity than the 
normally required time average velocity 
1 rt+T 
U = T J, U(t)dt. 
t 
(1-J) 
The biasing occurs because the probability of a realization 
occurring is proportional to the instantaneous velocity. 
This statistical biasing has been proposed and analyzed by 
McLaughlin and Tiederman (1973) and Barnett and Bentley 
(1974), but its existence has not been experimentally 
verifiedo Moreover, there is some disagreement as to how 
the duty cycle effects the biasing and this leads to dif-
ferent conclusions about when a correction should be made 
to the data~ 
Objective 
3 
With the diverse and widespread use of laser anemome-
ters, the precise interpretation of their data is becoming 
crucialo The rapidly growing need for more accuracy demands 
that the biasing issue be resolved as quickly and as com-
pletely as possible. The focal point of thi$ study was to 
experimentally test the proposed biasing corrections for 
individual realization anemometer data. The experiments 
were conducted in the viscous sublayer of a two-di~ensional 
turbulent channel flow of water. The objective was to com-
pare the slope of the viscous sublayer profile measured by 
the laser anemometer to the slope of the velocity profile 
calculated from simultaneous measurements of the pressure 
gradient" The number den~d ty of the light-scattering seed 
particles in the water was low enough to assure duty cycles 
less than 4%, 
CHAPTER II 
STATISTICAL BIASING 
The Occurrence of Biasing 
One of the principle quantities of interest in fluid 
flow measurements is the time average velocity at a point 
as given by Equation (1-J). For an unbiased hist@gram of 
random, independent velocity realizations this is simply the 
ensemble average of the realizations.given by Equation 
(1-2). Although an indiviqual realization is a random 
event in time for a uniform seed distribution, the possi-
bility of occur,rence is proportional to the instantaneous 
flow velocity (see McLaughlin and Tiederman, 1973) because 
the probability of obtaining a velocity realization is pro-
portional to the volume of fluid flowing through the probe 
volume. Thus, for highly turbulent flows U > U because a 
e 
higher than average number of scattering centers pass through 
the probe volume during periods when the velocity is greater 
than U. The converse occurs when the velocity is smaller 
than U. The result is obviously more high velocity realiza-
tions than low, and statistics that are biased high~ The 
magnitude of this statistical biasing can be as much as 10% for flows 
having turbulent int ensi ti es of JO% or mare ( Karpuk, 1974, and 
:·--. 
5 
McLaughlin and Tiederman, 1973). Herein lies the problem of 
correctly interpreting individual realization laser anemome-
ter data for turbulent flows. 
Statistical Biasing Corrections 
McLaughlin and Tiederman (1973) propose that a properly 
weighted ensemble average 
N 
!: w.u. 
i=1 l. l. u = N (2-1) 
!: w ; 
i=1 il 
will yield a good estimate of the time average velocity. 
Central to the foregoing are three basic assumptions: (1) 
the particles are small enough to follow the mean flow 
accelerations as well as the fluctuations associated with 
turbulence. (2) The particles are randomly distributed 
with respect to number density in the stationary make up 
fluid. (3) The flow is so lightly seeded that the swept 
volume is mqch greater than t"1-e volume of the probe volume. , 
The third assumption indicates that the average number of 
:realizations obtained per unit time is proportional to the 
magnitude of the velocity vector. 
Using these assumptions, the proper weighting function, 
w., was deduced to be the inverse of the instantaneous 
l. 
velocity vector. However, for most flow situations, it was 
postulated that a simplified correction based on the stream-
wise velocity component would be adequate.. Consequently, 
6 
N 
L: 1 
. 1(-U )U. 
l.= i ]_ 
(2-2) 
which simplifies to 
u 
c = 
N (2-3) 
Since Ui is directly proportional to the Doppler ~eriod, 
TD' it is quite straightforward to calculate the corrected 
mean velocity based on the average Doppler period, TD' such 
that 
u 
c = 
s 
TD 
[~ sin 
= (2-4) 
TD 
This period average velocity is the biased-corrected velocity 
of Equation (2-3)~ 
[ McLaughlin and Tiederman (1973) applied the one-
dimensional biasing correction scheme to several ass9med 
flow models of fully developed pipe flow. Their analytical 
results clearly show the effects of statistical biasing on 
the mean and fluctuating velocity components. Moreover, the 
results were compatible with the original assumption of low 
seed particle density necessary for individual realization 
measurements. They do not indicate any dependence on duty 
cycie other than the basic individual realization 
requirement. 
The biasing correction proposed by Barnett and Bentley 
(1974) is similar to the technique described above in 
assuming constant particle density but differs in one major 
aspect. It specifies the velocity changes in the probe 
volume be strongly correlated with those immediately up-
streamo If this is the case, then it can be shown that the 
time interval between successive realizations, &t., must be 
1 
inversely proportional to the average fluid velocity, V., 
1 
over the interval. 
7 
Once again the time average velocity is the quantity of 
interest. Using the nomenclature of Barnett and Bentley 
(1974) 
T 
V = 1 J V(t)dt 
T 0 
(2-5) 
where V is the temporal mean (time average) of velocity. 
Because particles are not continuously in the probe volume, 
data are not continuously taken and Equation (2-5) was 
approximated by 
Taking into account 
1 M 
V = T L: V.8t .• i=1 1 1 
M 
T = r: &t. i=1 1 
the temporal mean becomes 
M V· 1 
r: 
-
v i=1 
vi 
= M 
r: 1 
i=1 -vi 
(2-6) 
(2-7) 
(2-8) 
The result is the same as the McLaughlin-Tiederman biasing 
correction except that V. is the average probe volume 
1 
velocity in the time between realizations instead of the 
instantaneous velocity, U .• From Equation (2-8) and a 
1 
series expansion of Equati.on ( 2-5 ), Barnett and Bentley 
conclude that when the sampling frequency is much less than 
the frequency of flow oscillations, V. approaches the mean 
1 
fluid velocity, Vo This is the case of low duty cycle for 
which ~t. is essentially constant and the time average and 
1 
8 
ensemble average are the same. This infers that there is no 
correlation between the instantaneous velocity and the 
sampling rate. Therefore, no.- statistical biasing of the 
data occurse 
Conversely when the duty cycle is relatively high for 
individual realization anemometry the sampling rate is much 
greater than the frequency of the flow oscillations and 
V.~ V .• For this case the result 
1 1 
v = 
M (2-9) 
agrees with the biasing correction proposed by McLaughlin 
and Tiederman (1973) shown in Equation (2-J)o 
Although these two sets of analyses do not reach the 
same conclusions with respect to duty cycle effects, both 
demonstrate that when statistical biasing occurs it creates 
a significant error in the measurement of the mean and 
fluctuating velocity. Tiederman, McLaughlin, and Reischman 
9 
(1973), Karpuk (197~), and Reischman and Tiederman (1974) 
applied the one dimensional biasing correction proposed by 
McLaughlin and Tiederman (1973) to their individual realiza-
tion measurements in two-dimensional turbulent channel flows 
of water and dilute polymer solutions. Their data demo:Q-
strate that the biasing correction can lower the estimate of 
the mean velocity by about 10% and the estimate of stream-
wise turbulent intensity by as much as 100%. Thus~ it is 
extremely important to experimentally verify the existence 
of statistical biasing and determine whether or not it is a 
function of duty cycle., Moreover, it is desirable to estab-
lish a proper correction scheme for individual realization 
measurementso This study was undertaken for these two 
reasons. 
CHAPTER III 
EXPERIMENTAL TECHNIQUES AND APPARATUS 
Overall Technique 
In order to examine the effects of biasing on the mean 
velocity, it is necessary to compare the laser anemom~ter 
data against an independent measurement. The quantity of 
interest is the slope of the velocity profile at the wall of 
tpe channeL For bounded flows the slope of the velocity 
profile at the wall can be approximated by 
'1" 
w 
µ 
where 'l"w is the wall shear stress and µ is the absolute 
viscosity. Karpuk (1974) showed that the mean velocity 
profile for a two-dimensional channel flow of water is 
(J-1) 
+ + linear to about y = 60 Here y· is the nondimensional dis-
tance normal to the wall defined as 
+ Y· = (J-2) 
where u 1 is the friction velocity and v is the kinematic 
viscosity a tiu . Within this linear region ~y is an accurate 
estimate of dUI and for this reason this study was co;p.-
dy y:.:O 
ducted within the sublayer~ 
10 
11 
For the current study a micromanometer was used to 
sense the streamwise pressure drop across the laser 
anemometer test section. Since the flow is two dimensional 
and fully developed a force balance on the test section 
yields 
r 
w 
(J-J) 
where 6i is the streamwise pressure gradient in the test 
section and D8 is the hydraulic diam~ter. But, as the 
desired quantity is the shear rate defined by Equation 
(J-1), Equation (J-J) can be rewritten as 
1 t:.P 
µ L 
In micromanom~ter variables thi~ becomes 
1 6hpgD8 ( SG,- 1) 
= µ 4Lg. . 
c 
Here t:.h is tl,le change in height of the ·manometer fluid 
(J-4) 
(J-5) 
between static (no flow) and dynamic conditions and SG is 
the specific gravity of the manometer fluid. Thus, it 
becomes a matter of making laser anemometer measurements of 
the mean velocity at several y locations inside the viscous 
sublayer (y+ < 6) while simultaneously taking pressure drop 
measurements across the same test section. The slope of the 
velocity profile deduced from pressure drop measurements, 
Equation (3~5), can be directly compared to the slope of the 
anemometer profile generated from both the period averaged 
12 
and the frequency averaged velocity data. 
The data of Karpuk (1974) show that the turbulent 
intensities in the viscous sublayer can be on the order of 
JO% or more of the local mean,velocity. According to the 
proposed statistical biasing corrections, the amount of 
biasing for this flow situation should increase the estimate 
of mean velocity by about 10%. Clearly if biasing of the 
data occurs, the so-called "biased" (frequency..,.averaged) 
velocity profile should lie 10% above the 11 true 11 velocity 
profile deduced from pressure drop measurements. Likewise 
the credibility of the proposed biasing corrections is 
easily tested by comparing the "bias-corrected" (period-
averaged) profile against the pressure drop profile. This 
type of comparison from independent sources has the poten-
tial to verify the existence of the biasing and to test the 
adequacy of the proposed corrections. Moreover, the pres-
sure drop measurements are unaffected by the duty cycle of 
the LDA, ,thus they are also a good standard for testing the 
effects of duty cycle on sampling bias. 
The Laser Doppler Anemometer 
The laser anemometer is essentially the individual 
realization device employed by Karpuk (1974) and is unchanged 
from his arrangement except for a slightly refined traverse 
system and different polaroid filter settings in the 
receiving optics (see Appendix B)Q The refined traverse 
allows location of the anemometer probe volume to an accuracy 
13 
of ±Oo0001 inch with respect to any other y location at 
centerline height in the channel. Since the viscous sub-
layer is a thin region of very large velocity fluctuations 
it is necessary to utilize a laser anemometer with good 
spatial resolution and a large bandwidtho The large band-
width can be achieved by removing the pedestal frequency 
from the Doppler signal. 
In highly turbulent flows, as in the viscous sublayer, 
this pedestal removal cannot be accomplished by electronic 
filters without filtering some of the low speed velocity 
realizations. For these reasons, the pedestal cancelling 
optics with the probe volume miniaturization described by 
Karpuk (1974) were used in this study. Figure 1 shows the 
general optical configuration of the anemometer. 
The effect of the probe volume miniaturization is to 
make the probe volume cross section thinner in the direction 
normal to the wall. The dimensions of the probe volume 
before miniaturization can be predicted according to the 
methods described by Brayton and Goethert (1970). The final 
probe volume size depends upon the amount the laser beams 
are expanded in the direction normal to the channel walls 
ahead of the final converging lens. In this case, the beam 
expansion was a factor of four and the sine of the beam 
e intersection half angle was sin(2) = 0.03383. This produced 
a physical probe volume at the ~ points O. 3289 inch high 
e 
in the vertical direction and 0.00985 inch wide in the 
streamwise direction. The critical dimension normal to the 
channel wall after the miniaturization was 0.00246 inch. 
For the Spectra Physics 5mW He-Ne laser used and the half 
angle given, Equation (1-1) gives the probe volume fringe 
F 
spacing, S, and the Doppler conversion constant U' as 
9.35 µm and 32,598 Hz/ft/sec, respectivelyo 
14 
The remaining important feature of the anemometer used 
'by Karpuk (1974) and the current study is the pedestal-
cancelling optics described by Bossel, Hiller, and Meier 
(1972). The basic princip~e is to establish two fringe 
patterns in the probe volume displaced in space by one-half 
of the fringe spacing. This 180° phase shifting creates two 
signals 180° out of phase for every particle traversing the 
probe volume~ When these two signals are independently 
detected and then subtracted, the Doppler frequency is 
reinforced and the pedestal frequency is eliminated. The 
high pass electronic filter can therefore be removed from 
the system and the dynamic range of the anemometer is 
greatly increasedo 
The complete laser anemometer is mounted on a 50 inch 
long, one inch thick piece of aluminum. This piece was then 
mounted through ball bearings on slide rails positioned under 
the channel and attached to a micrometer traverse mechanismo 
The dial micrometer position readout is graduated with 0.0001 
inch divisionso The traverse was not connected to the 
channel in any way, and the complete anemometer, sending and 
receiving optics, was moved to change the probe volume y 
location in the flowo Figure 2 illustrates the overall 
arrangement of the sending and receiving optics with 
respect to .the channel. 
15 
Because the near wall region is so small, about 0.014 
inch for this study, and because at least three distinct 
points are necessary to determine the sublayer velocity 
profile from the laser anemometer data, it was extremely 
important to be able to locate the channel wall accurately. 
Even with the probe volume miniaturization, only about six 
distinct y locations could be sampled. Here the y location 
of the probe volume is the distance from the probe volume 
center to the wallo Missing the wall location by m~re than 
a probe volume diameter would eliminate one and possibly two 
y locations for measuring U. Likewise, the resolution of 
the anemometer depends on the laser beams having a clear, 
undisturbed path through the water to the measurement pointo 
This was guaranteed by uniformly bowing the channel walls 
inward 0.050 inch with the channel running at the desired 
flowrate. It was then possible to slowly traverse the probe 
volume in and out from the channel wall until a few low 
velocity realizations wer~ detected by the receiving opticso 
It was also possible to physically see the change in the 
probe volume appearance as it touched the wallo Used to-
gether, these two.techniques were found to be repeatable to 
0.001 inch, or approximately one-half the probe volume 
thicknesso On several occasions it was possible to locate 
the wall to within OeOOOJ inch. The exact wall location 
16 
was determined later by the zero intercept of the velocity 
profile data. 
Data Acquisition and Reduction 
Electronics 
The data reduction scheme for this study utilized a 
combination of the visual verification technique described 
by Karpuk (1974) and the recently acquired DISA 55L90 
Counter Processor. However, the data acquisition electron-
ics for both cases were the same. Figure 3 is a block 
diagram of the electronic signal processing as it was done 
during a measurement run with the laser anemometer. Two RCA 
,\ 
photomultiplier tubes, a 7265 and 7326, with S-20 spectral 
response were used. They were powered by a common 2000 volt 
power supply and their outputs were balanced using different 
loading resist ors. The "A-B" signal from .the preamplifier 
of a Tektronics 502A oscilloscope was recorded on an Ampex 
Model 1300 ma~netic tape deck at 60 inches per second" A 
Multimetrics Model AF120 band pass filter was used to 
eliminate electronic noise well outside the expected Doppler 
frequency bandwidth" 
For visual verification the data was replayed at 7~ 
inches per second into the electronic arrangement shown in 
Figure 3" The Schmitt trigger converts each Doppler burst 
into a pulse train which simultaneousiy triggers the General 
Radio 1192B counter operating in 'the period times ten mode 
and a Tektronics 564B storage oscilloscope. The counter 
17 
output displayed on the storage oscilloscope is visually 
verified to contain at least ten evenly spaced, consecutive 
pulses, the number averaged by the counter. All verified 
counts were punch~d on a Tally Model P~120 paper tape punch 
connected to the BCD output of the General Radio counter 
through an NLS Serializer. This paper tape record of 
Doppler periods was then read into a Hewlett Packard 9820 
computer which processed the data to yield period averaged 
and frequency averaged mean velocity, the corresponding 
turbulent quantities, and the random error in the mean 
velocity at the 95% confidence level. The computer program 
also provides a histogram of ·the uncorrected, "biased", 
velocity realizations. 
The other type of data reduction used the DISA 55L90 LDA 
Counter Processor. The 55L90 Processor replaced the manual 
operator visually verifying data and. allowed real-time 
(60 IPS) replay of the recorded Doppler signals. (For a 
detailed description of the 55L90 Processor operation, see 
Appendix Ao) Figure 3 shows a block diagram of the equip-
ment arrangement for using the.55L90 Processor. The signals 
from the magnetic tape are first passed through the Multi-
metrics band pass filter as during the actual anemometer run 
to eliminate electronic noise. An external attenuator was 
used before the signals entered'the 55L90 Processor so that 
the approximately 2-3 volt peak-to-peak amplitude signals 
recorded on magnetic tape could be reduced to the 2 volt 
limit of the 55L90o The di°gital output of the counter 
18 
module is a form of binary code containing the frequency of 
the Doppler signal, F. This frequency output is in the form 
D = D X 2E 
m 
(J-6) 
where D is an eight bit binary mantissa and E is a four bit 
m 
binary exponent. This number is converted into the Doppler 
frequency, F, of the taped input signal through the 
algorithm 
D X NH X 109 
F = H 
32640 x 2 15 z 
where NH is eight for the 55L90 used in this study (see 
Appendix A). 
(J-7) 
An integrated circuit interface converted the binary 
output of the 55L90 Process0r to a decimal (ten level) code 
acceptable to the NLS Serializer~ The output was finally 
punched on paper tape with a Tally Model P-120 paper tape 
puncho The HP 9820 program for calculating the mean and 
turbulent velocity information from the DISA counter output 
is basically the same as before. The main difference is 
that the program must first convert the DISA mantissa-plus-
exponent format to a frequency~ 
Pressure Drop Measurements 
Pressure drop measurements were made with a micrometer 
type two-fluid manometer~ This micromanometer can sense 
water pressure changes of +0.0005 inch. The indicating 
19 
fluid used in this study was carbon tetrachloride, cc1 4 , 
with a specific gravity, SG = 1.58224 with respect to water 
at 25°C. The specific gravity was determined to ±o.1% 
using a 50 ± 0 .05 ml volumetric flask and a Mettler precision 
balance accurate to ±0.00001 gramo 
The pressure taps, Figure 4b were located at either end 
of the channel test section on the centerline as shown in 
Figure 4a. The taps were spaced 18oO inches apart, and the 
downstream tap was located about six channel widths upstream 
of the channel exit. The two identical pressure taps were 
designed and constructed according to the criteria described 
by Shaw (1959)0 Figure 4b shows a cross section of the 
designo Since both taps exhibit the same pressure hole 
error (see Shaw, 1959) the pressure difference across them, 
the quantity being measured, does not exhibit any error due 
to the hole configuration but only the errors due to reading 
the. manometero This system of pressure taps, micromanometer, 
and cc1 4 was certified to give a reasonable value of pressure 
drop for the range of flow rates used in this study by 
comparison with standard friction factor curves. One such 
comparison i.s shown in Figure 5. 
Flow Channel and Seeding 
All flow measurements were made in the two-dimensional 
water channel described in detail by Reischman (1973) and 
Karpuk (1974)0 The only modifications made on the channel 
were to the downstream wier tank and the addition of 
20 
centerline pressure taps at the test sectiono Because of 
the need for highly accurate pressure drop measurements it 
was desirable to generate a flow that would maintain a con-
stant, steady head over extended periods of timeo A good 
method of accomplishing this is to make the wier tank as 
large as possible. Another technique is to introduce 
baffles and screens into the flow to make it more uniform. 
The wier tank, Figure 6, was completely rebuilt on a 
larger scale than before and screens were added to help 
redistribute and diffuse the flow exiting the channel, The 
screens so successfully damped out the flow oscillations and 
broke up the jet coming from the channel that the height of 
the water flowing over the wier ~as essentially constant 
(~0.020 inch) for a given flow ratee The clear acrylic 
channel is 72 inches long, 12 inches high, and 1.018 inch 
wide at the centerlinee The vertical walls were bowed inward 
Oo050 inch along the channel length while the channel was 
running at the desired flow rateo As mentioned earlier, 
this bowing allowed the anemometer probe vo·lume to be 
traversed up to the wall without interferenceo Measurem~nts 
were made 55 channel widths downstream of a sharp-edged 
Borda type entranceo Figure 6 is an overall view of the all 
stainless steel and plastic facility. 
The flow of water is produced by a 200 GPM pump which ) 
continuously recirculates the make up water. This make up 
water, normally 250 gallons, was filtered through 0~5 µm 
filters before passing into the flow loop~ It was then 
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carefully seeded with a measured amount of 5-10 µm certified 
AC Fine Test Dust. This size particle was shown by Reischman 
and Tiederman (1973) using the criteria of Hjelmfelt and 
Mockros (1965) to accurately follow the range of flow oscilla~ 
tions encountered in this study. The optimum particle size 
for good Doppler signals using the anemometer described above 
is approximately 5 µ.m in diameter (see Durst and Whitelaw, 1972). 
Corrections A~plied to the Data 
The corrections applied to the data are those described 
by Karpuk (1974). Besides the McLaughlin-Tiederman biasing 
correction to remove the affects of statistical biasing~ a 
correction was applied to account for the effect of a finite 
sized probe volume on the mean velocity and the turbulent 
quantities. This was required since the near wall region 
has a strong velocity gradient which can create a signifi-
cant change in mean velocity and fluctuating velocity across 
the finite sized probe volume. It has been suggested* that 
a correct form of the RMS velocity fluctuation at the center 
of the probe volume~ I u , 
0 
is 
2 2 
I [U~2 ~]* 
uo = 2 2 • 
(1 +~) 
12U 
Here u' is the RMS velocity fluctuation from period 
m 
(J-8) 
*M~ E. Karpuk, and W. G. Tiederman, submitted to AIAA 
Journal (1975). 
averaged data. 
s is the slope of the sublayer velocity profile. 
w is the width of the probe volume. 
U is the period averaged mean velocity. 
The mean velocity is corrected for finite probe volume 
effects using the McLaughlin-Tiederman statistical biasing 
correction (see Karpuk, 197~)G 
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CHAPTER IV 
EXPERIMENTAL RESULTS 
The laser anemometer and micromanometer were success-
fully used to independently measure the wall slope of the 
velocity p~ofile in a fully developed, turbulent flow of 
water. The two dimensional channel measurements were made 
at four values of Rey!!:_olds numbers from Re = 14, 011 to 
ua DH 
Re= 17,959 where Re \) A comparison of the two kinds 
of profiles demonstrates that statistical biasing as proposed 
by McLaughlin and Tiederman (1973) does exist and creates a 
significant error in the estimate of the mean and fluctuating 
velocity components. The comparison of mean velocities 
measured for various seed densities in a given flow indicate 
that the statistical biasing is independent of seed density 
over the range of duty cycles encountered here~ 
Statistical Biasing 
Four data runs were made over a Reynolds number range 
based on hydraulic diameter, DH' and mass average velocity, 
U , of 14,011 to 17,959. Table I shows the three runs used 
a 
to compare pressure drop to laser anemometer data and a 
fourth run~ BC-2, which was used to look at single point seed 
density effects discussed later. A typical velocity profile 
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showing the wall location by the zero velocity intercept is 
illustrated in Figure 7 containing both the frequency 
averaged and period averaged velocity profiles. All subse-
quent f'igures will be shifted so that the y = 0 location 
corresponds to the zero velocity intercept. This was done 
because the accuracy in locating each point with respect to 
the oth~rs was much greater than the accuracy in locating 
the wall. The amount of shift ranged from 0.0005 inch for 
BC-5.2 to OQ0015 for BC-6. The BC-J zero velocity intercept 
was shifted 000008 inch. 
The results of the laser anemometer measurements are 
presented in Table II. The U values have been corrected 
c 
for both statistical biasing. and fini t.e probe volume effects 
described earlier. The y values are the s~ifted y locations 
+ and except for BC-2 the y values are all based on the shear 
velocity calculated fro~ the pressure drop measurements. 
The shear velocity.£or BC-2 is b•sed on the slope of the 
mean velocity_ profile. 
u ~ tJ 
The fifth column to tUe right of the 
run numt?er, e c X 100, is the percentage difference 
between the period average and frequency average mean 
(u'-~') 
velocity. 0 Likewise the se.cond to last column, -----X 100, 
uo 
is the percentage difference betwee,n the RMS fluctuation 
estimated from u' 1 - 2 = N-i L: (Ui - U) and the fluctuation cor-
rected for sampling bias and finite probe volume effects, 
I 
u • 
0 
These results are comJ6ared to the linear profile 
deduced from the pressure drop measurements in Figure 8 
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through Figure 10. The lines through the anemometer data 
points are the least squares fit of the four data points 
and,. unless otherwise illustrated, the 95% confidence limits 
are the same size as the mark identifying the point. The 
pressure drop profiles are represented as bands instead of 
single lines to represent the upper and lower limits for the 
t.P measurement. Any systematic errors in using the anemome-
ter and electfonic processing equipment were estimated to be 
less than one percent. 
For the data in Figures 8, 9, and 10, the period aver-
age mean velocity profile agrees reasonably well with the 
pressure drop profile while the frequency average mean 
velocity profile shows poor agreement. Figure 8 graphically 
illustrates a problem encountered in making accurate pressure 
drop measurements for all of the data runs. In each case, 
the manometer reference height (zero flow) value measured 
prior to the run differed from the value measured after the 
run. For BC-J, this "zero" shift created a large amount of 
uncertainty in the pressure drop measurement. These three 
data runs are plotted nondimensionally in law of the wall 
coordinates 7 u+ vs y+, in Figure 11. The mean velocity, u, 
was nondimensionalized with the friction velocity~ uT. Here 
T W 1h 
u = (~) where Tw was deduced from the pressure drop meas-T rJ) 
urements. 
from y+ = 
The nondimensional y coordinate was determined 
yuT 
-V- where V is the kinematic viscosity. This 
figure plainly demonstrates the effect of biasing on the 
mean velocity profile for low duty cycle individual 
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realization anemometer measurements. The period average 
data, corrected with the one dimensional biasing correction 
suggested by McLaughlin and Tiederman (1973), lie along the 
u+ = y+ line while the frequency average (biased) data lie 
substantially above the u+ = y+ line. Since u+ = y+ for the 
viscous sublayer, Figure 11 demonstrates that the period 
average velocity approximates the "true" velocityo 
A numerical comparison of the slope of the anemometer 
profiles with the slope deduced from pressure drop measure-
ments is shown in Table III. For the anemometer data, the 
mean value of slope was calculated using a least squares 
regression of the four data points for each run shown in 
Table IIu The y values used in the regression were not 
shifted for the y = 0 intercepto An analysis of the variance 
to determine the 95% confidence limits of the uncertainty in 
the mean anemometer slope values, based only on the four 
data points for each case, produced unrealistically large 
uncertainty bandso A better estimate of the mean value of 
the slope and the uncertainty of the estimate is determined 
from a least squares regression of all of the individual 
velocity realizations for a data run~ Such a technique 
cannot be applied to the period average data but is easily 
used with the frequency average velocity realizations 
directly from the computer output. The regression of all 
the velocity realizations compares favorably with the regres-
sion of only the four data points (mean velocities) for the 
frequency average data~ Thus, a least squares regression of 
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the four period average mean velocities of each run gives a 
reasonable value for the slope of the bias-corrected mean 
velocity profile. 
The 95% confidence intervals on the uncertainties in 
the slope of the period average velocity data were estimated 
from the analysis of the variance of all of the velocity 
realizations for the frequency average from the correspond-
ing data run. This is a reasonable procedure since the 
"biased" and "bias-corrected" velocities are from the same 
ensemble of velocity realizations and the uncertainties 
should be of the same magnitude0 This can be demonstrated 
by considering the root mean square uncertainty of the 
anemometer slopes based on the uncertainty in ~U and &y from 
&u -
the relationship b = t:.y" Here &U and &y are the difference 
in U and y for the two most widely separated values for each 
data run. Such a comparison shows the validity of estimating 
the uncertainties of the period average slopes from the fre-
quency average datao 
Table III shows the mean value of the slope of the 
velocity profile calculated from four data points for each 
run. It also shows the mean slope calculated from all of 
the frequency average velocity r.ealizations for each case 
(the second value for Ue) and the pressure drop measurement~ 
The uncertainty estimates on the value of the slope of 
the velocity profile calculated from pressure drop measure-
ments are calculated from the square root of the sum of the 
squares of the uncertainties on the components of Equation 
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(J-5). The principle source of error for these measurements 
is an accurate determination of &h, the change in height of 
the manometer fluid. The zero position of h (no flow) for 
each run changed slightly between prerun and post-run static 
conditions. This zero shift ac·counted for most of the &P 
error and ranged from less than 1% of ~h for BC-5.2 to about 
8.7% of &h for BC-J. The total of the uncertainties of the 
rest of Equation (J-5) was always about 1%. Systematic 
errors are assumed to be sml?'-,11 enough as to be negligible. 
A statistical comparison of the slopes of the anemome-
ter and pressure drop measurements in Table III was not made 
since no adequate test was found tp compare mean slope values 
from two different sample populations. However, if the 
slope computed from the pressure drop measurements is assumed 
to be the exact value of the slope of the velocity profile it 
is a simple matter to show that the period average slope is 
statistically the same as the pressure measurement for each 
case .. It is also evident that the frequency average slope 
is notJ.the same as the pressure measurement for each data 
runo 
The only other method of comparing the slopes is to 
show that the uncertainty ,.bands of the pressure drop meas-
urement overlap the uncertainty-bands for the period average 
data, but do not overlap for the frequency average data .. 
The form~r is true for every data run, and the latter is 
true for BC-5.2" The uncertainty bands for the pressure 
drop measurement and frequency~,.~verage velocity data just 
29 
coincide at their extreme upper limit and lower limit, 
respectively, in BC-3. For BC-6 the "biased" velocity 
profile slope overlaps the pressure drqp measurement band 
about 3%. Such overlap is not significant and the prob-
ability that the "b.iased" data represents the pressure drop 
data is small. 
Another comparison of period average and frequency 
average data reductions is shown in Fi$ure 12. The figure 
illustrates the relative difference between the "biased" 
(frequency average) and "corrected" (period average) mean 
velocities as a function of turbulent intensity. The theo-
retical curves were calculated according to the biasing 
correction techniques proposed by McLaughlin and Tiederman 
(1973). The curves are the relative error between the 
biased and corrected mean Velocities for both a one dimen-
sional correction and a two dimensional correction to a 
I 
modified Gaussian distribution of selocities with~= 0.5 
u 
and R12 = -1. Here R12 is the correlation coefficient, 
UV 
-,--,. 
u v 
The turbulent intensities for the three data runs are 
plotted in two 1 different way~ in Figure 13 and Figure 14. 
u yuT 
Figure 1J is uo plotted against y+. As before, y+ = -::;-
.T 
where ur was derived from the pressure drop data. It should 
be noted that the data from the current study agree quite 
well with data from Hu&sain and Reynolds (1975). The 
unweighted average turbulent intensity and the weighted 
average turbulent intensity corrected for finite probe 
JO 
volume effects are plotted against y+ with data from Karpuk 
(1974) in Figure 14. The data from the present study corre-
spond closely to his results despite the different methods 
of computing y+. This result substantiates the Karpuk and 
Tiederman correction for finite probe volume effects shown 
in Equation (J-8). 
Seed Density Effects 
The effect of seed density on the statistical biasing 
of the mean velocity was not adequately investigated by this 
experimental work. Despite varying the seed density over a 
fairly wide range the duty cycle of realizations was always 
less than 4%o This means that seed particles were in the 
probe volume only about 4% of the run time or less. Since 
the important criteria for judging seed density effects is 
not the physical concentration of seed particles in the flow, 
but the duty cycle, the data contained in Table IV simply 
demonstrates the effect of seed density in a small range of 
duty cycleo For the data runs presented the two values of 
seed density in each case are for the same y location in the 
same flow. The seed density is given in terms of grams of 
AC Test Dust per 250 gallons of makeup· water. As suggested 
i 
by McLaughlin and Tiederman (1973) there isjno measurable 
effect on the mean velocity for these variations in seed 
density. 
The significance of the low duty cycle, low seed 
density flows presented in this study is that statistical 
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biasing clearly occurs and can often create a significant 
error in estimating the mean velocity and the fluctuating 
quantities. According to Barnett and Bentley (1974), sta-
tistical biasing of individual realization data should not 
occur for low values of duty cycle such as encountered in 
this study. However, the data presented here do not support 
such a conclusion and appear to verify the existence of sta-
tistical biasing. 
CHAPTER V 
SUMMARY AND CONCLUSIONS 
An individual realization laser anemometer and a pres-
sure sensing micromanometer were simultaneously used to 
independently determine the slope of the mean velocity 
profile in the viscous sublayer of a two-dimensional, 
turbulent channel flow of water. The one-dimensional sta-
tistical biasing correction for individual realization laser 
anemometer data proposed by McLaughlin and Tiederman (1973) 
was applied to the laser anemometer data. The frequency 
average and period average mean velocities were then compared 
to the velocity profile deduced from the pressure drop meas-
urements. In conjunction, several different concentrations 
of scattering particles were used to determine the effects 
of seed density upon the statistical biasing for a range of 
low duty cyclesa 
The conclusions drawn from this study are that: 
(1) Statistical biasing of the mean velocity computed' 
from a simple ensemble.average or frequency aver-
age of the individual velocity realizations does 
occur. 
(2) A reasonably accurate estimate of U is given by 
the one-dimensional correction where each 
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individual velocity realization in the ensemble 
is weighted with the inverse of the instantaneous 
streamwise velocity. 
(3) The amount of the correction can be as much as 
10% for turbulent intensities greater than 30%. 
(4) Statistical biasing is unaffected by variations 
in the concentration of light scattering particles 
for duty cycles between 1.3% and 3.4%. 
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APPENDIX A 
THE DISA 55L90 LDA COUNTER PROCESSOR 
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The DISA 55L90 Counter is a relatively newly-developed 
LDA data processor for individual realization laser anemome-
ter measurements. The counter used here was a fully equipped 
model containing: (1) A High Voltage Power Supply for use 
with photomultiplier tubes; (2) Data Rate Module; (3) D/A 
Converter; (4) Mean Velocity Computer that displays either 
the average Doppler frequency or the period averaged mean 
velocity; (5) Counter Module (Comparator) that verifies 
incoming data and routes the good data to external system 
componentso This appendix will give a brief description of 
the operating principles and procedures followed in the use 
of the 55L90 Processor employed in this study. 
Basic Principles of Internal Operation 
The incoming Doppler signal is first amplified 60 dB 
and then attenuated by a manually adjustable attenuator to a 
maximum of -31 dB. Bandpass filtering occurs before the 
internal Schmitt trigger converts the Doppler burst informa-
tion into a pulse traino The pulse train is applied to the 
5/8 fringe count.er, a shift register, which begins 
accumulating 250 MHz clock pulses when clearedo After the 
low count register accumulates N = 5 fringe counts it. stops 
counting and holds the low count at a value of CL. 
Similarly, the high count re gist er stops counting when N = 8 
and holds the high count at a value CH· Simultaneous with 
the closing of the AND Gate controlling the high count shift 
register is the "compare" command which also initiates a 
J8 
command to clear the registers for the next Doppler pulsee 
The function of the comparator is to perform the operation 
(A-1) 
Here e is the percent tolerance in the outcome as set 
externally on the Counter Module. If the data is valid, the 
number existing on the comparator is changed to the new 
number and the comparator outputs a "data ready" command to 
the Computer Module or to the 'externally connected equipment 
(a Tally P-120 paper tape punch in this case). The 55L90 
Processor has the additional feature of a Threshold Window 
built into the Counter Module. This manually adjusted 
device can be used to place an upper limit on the signal 
amplitude the Counter will accept. The purpose is to 
eliminate the high amplitude signals from the particles too 
large to accurately follow the fluid flow. 
The Computer Module is designed to output either the 
average Doppler frequency or period averaged velocity calcu-
lated from ensembles of individual realizations. The period 
averaging is carried out for ensemble wi'dths of 1, 16, 256, 
and 4096, and the result is appropriately scaled for the 
desired readout on a five digit LED display. The output is 
a three digit mantissa and a 2 digit power of ten. 
The other important piece of equipment attached to the 
55L90 Processor is the Data Rate module which displays the 
data validation rate in Hz, KHz, or percent. 
The High Voltage Power Supply was not used during this 
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study and the D/A Converter was only used briefly during the 
preliminary evaluation of the Comparator performance. 
Operational Checkout 
Upon initial receipt of the 55L90 Processor the inter-
face to link the unit to the Tally Punch was not yet com-
pletedQ Therefore, the first step was to evaluate the 
counter with sine waves from a test oscillator. The input 
signals were varied across the 1000 Hz to 100 MHz range of 
the instrument and in amplitude from below 200mV to above JV 
peak to peak to test the attenuation, Schmitt trigger levels, 
and the Threshold Window. 
The attenuators worked as expected. The Schmitt 
trigger level was about 110-120 mV instead of the design 
level of 100 mV, however this difference was no factor in 
the subsequent data reduction. The last item checked with 
the oscillator was the Threshold Window. It was discovered 
that the 2 Volt m~ximum signal strength usable in the 
Counter corresponded to the 20 dB (out of 31 dB possib~e) 
setting on the Threshold Window. This 2. Volt maximum is set 
by the saturation limit of the Counter amplifiers. Thus, 
any signal of greater amplitude than 2 Volts peak to peak 
into the Counter will come out of the amplifiers at about 
2 Volts peak to peak and sometimes slightly distorted. 
' 
Therefore 1 all Doppler signals will pass any Threshold 
setting above 20 dB, but may be somewhat distorted. 
The next step in the.evaluation process was to set up 
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the electronics as shown in Figure J without the Tally 
Punch. The bandpass filter was added to compensate for the 
relatively wide bandwidtg of the internal filter. A laser 
anemometer data tape from past work by Reis.chman ( 1973) was 
replayed into the data reduction system. The attenuation 
levels, ensemble widths, and the percent Comparator,, (iCCuracy 
were 'varied in a number of ways and the Computer Module 
readout for each case was recorded. In addition, the D/A 
analog signal wa:s monitored to see i·f the Comparator would 
pass signals of very low frequency that probably are not 
valid. In each test case, it was determined that the 
attenuati.on levels must be e;nough to lower the average noise 
level on the magnetic tape be.low the 110-120 mV Schmitt 
trigger levelo For Comparator' accuracies less than 12%, 
about two in every thousand Doppler signals verified as good 
·' 
signals by the Comparator were unusually low frequency 
although still above the high pass filter setting. 
The consequence is that the mean velocity of the 
ensemble containing such points is abnormally low due to the 
period averaging don.e by the Computero When the ensembles 
containing these signals were eliminated from the mean 
velocity calculations the results were repeatable and agreed 
favorably with data reduction done earlier by visual verifi-
cation and with the Sequential Phase Comparator described by 
Salsman (1974)0 When the interfacing to convert the binary 
55L90 output into the decimal output required by the NLS 
Serializer was ready, the electronics were set up as shown 
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in Figure Jo The same data tape was played into the system 
and the paper-taped results were reduced on the HP 9820 com-
puter. The'-comput~r program (Chapter III) assigns arbitrary 
frequency limits to the results corresponding to the band 
pass filter settings of the data acquisition and reduction 
electronics. These frequency limits effectively remove the 
spurious low or very high frequencies from the velocity cal-
culations if the noise levels on the magnetic tape are 
attenuated below the Schmitt trigger level of the 55L90 
Processoro This restraint appears necessary as the results 
from the 55L90 seem to be sen~itive to the relative position 
of the noise level with respect to the internal Schmitt 
trigger level. For this study the best results were 
obtained when the average noise level was well below the 
110-120 mV Schmitt trigger level and the Comparator accuracy 
was set on 1.5 or J.0%. Not only did the validation rate 
increase with lowered noise level but the mean velocities 
compared more favorably with past measurements. The results 
of these tests demonstrated that the data reduced on the 
DISA 55L90 Processor was in 'reasonable agreement with past 
dat~ reductions by other methods. 
Additional Comments 
Because the DISA 55L90 Processor reset time is so short 
(about 100 nsec), all data can be replayed at real time 
(60 IPS) during reduction. In this case, the Tally P-120 
paper tape punch was the limiting factor in the speed of 
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data reduction since it required approximately 50 msec to 
punch a five-digit number. For the particular laser 
anemometer and data reduction used, the 1000 Hz lower limit 
on the Counter Module high pass filter put a serious 
restriction on the slowest velocities that could be meas-
ured. Hence, the first y location to be sampled in the 
channel was carefully chosen to guarantee that all Doppler 
frequencies would be greater than 1000 Hz. This particular 
"problem" could easily be solved by changing the anemometer 
sending optics or by recording at a tape speed lower than 
60 IPS and replaying the tape at 60 IPS. 
The maximum Threshold setting was used for all of the 
data reduced on the 55L90 Processor during this study. This 
was possible because the seed particles were all within a 
given size range known to accurately follow the flow. The 
Comparator accuracy was arbitrarily set at 3% which gave 
results comparable to the 1.5% setting but a much larger 
number of data points. 
APPENDIX B 
PEDESTAL CANCELLING OPTICS 
4J 
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The pedestal cancelling optics described in the section 
11 The Laser Doppler Anemometer" operate on the same principle 
as those described by Bossel, Hiller, and Meier (1972) and 
Karpuk (1974) but the polarizations used in the receiving 
optics were quite different for this study. For the partic-
ular beam splitter used in the receiving optics it was 
impossible to get good pedestal cancellation by setting the 
two polaroid filters at ±45°, respectively. The cause of 
the difficulty was the preferred angle of polarization for 
the beam splitter used here which was not ±45° but 135°. 
That is, the maximum amplitude signal from the photomulti-
plier occurred when both polaroid filters were set on 135°. 
This was also the bes\t setting for pedestal cancelling. 
•' 
This particular arrangement was discovered by measuring 
the amplitude of a laser beam exiting the beam splitter for 
a range of incoming beam polarizations between 0° and 180° • 
The maximum output signal occurred when the polaroid filter 
was set either at 45° or 135°. This was true for both exit 
faces of the beam splitter. Obviously there were six possi-
ble combinations of polarization settings for the two 
filters in front of the photomultiplier tubes. However, the 
only combination that gave good pedestal cancelling and 
large amplitude signals was +135° for both polaroids and 
not the ±45° described by previous experimenters. 
APPENDIX C 
DATA 
,,. ... ·· 
TABLE I 
DATA RUN PARAMETERS - AVERAGE VALUES 
Manometer 
Run # Re Q(GPM) Ua(ft/sec) i T(° C) ~h (in) 
BC-2 14,011 31 0.7762 28 
BC-3 17,504 37 0.9264 29 0.0686 
BC-5.2 17,,59 37 0.9264 31 0.0599 
BC-6 14,838 29.5 0~7386 33 0.0410 
TABLE II 
LASER ANEMOMETER RESULTS 
Run# Uc ue u -u I I -, I y e c uo u u-uo 
% Duty Cyc. (in) y+ (ft/sec) (ft/sec) 
u 
x 100 (ft/sec) (ft/sec) -,-x 100 N 
c uo 
BC-2 .00325 1.36 .0593 .0677 14.2 .0223 .0302 35 310 
.0049 2.05 .0999 .1114 11.5 .0308 .0352 14 509 
.0119 4.98 .2230 .2508 12.5 .0774. .0823 6.J 371 
BC-J .00469 2.40 .1251 .1430 14.3 .0426 .0536 25.8 1748 
.00579 2.96 .1595 .1802 13.0 .0537 .0601 11.8 2162 
2.22-3.35 .00929 4.76 .2523 .2865 13.6 .0906 .0979 8.1 1571 
.01059 5.42 .2868 .3254 13.5 .1032 .1088 5.5 1658 
BC-5.2 .00719 3.60 .1728 .1992 15.3 .0648 .0727 12.9 1465 
.00824 4.12 .2028 .2331 14.9 .0760 .0866 14.o 1114 
1.66-2.90 .01104 5.52 .2739 .3154 15.2 .1049 .1127 7.4 1310 
.01214 6.07 .2970 .3377 13. 7 .1083 .1180 9.0 1332 
BC-6 .0100 4.28 .1774 .2035 14.7 .0668 .0736 10.2 1479 
.0111 4.75 .2016 .2303 14.2 .0749 .0827 10.4 1323 
1.34-2.52 .0129 5.52 .2311 .2622 13.5 .0838 .0904 7.9 1350 
.0139 5.95 .2446 .2791 14.1 .0909 .0970 6.8 1084 
TABLE III 
PROFILE SLOPES 
Run # BC-J BC-5.2 BC-6 
~ /lp 27c60 25.19 17e84 
·r-1 ±8e8% ±2.10% ±5.59% 
+l 
'i-1 (,,) 
Q) -
Uc 27~16 25.16 17.11 1/l 
'-' ±2.7% ±2.2% ±5.24% 
1::i1 » <3 <3 
ue 1~ 30.77 27.40 19.11 
Ii 2. 30~73 28.3ti 19.28 
..c ±2 o·5 7% ±2.12% ±fi.98% 
TABLE IV 
SEED DENSITY EFFECTS 
Ps % u 
I I 
u u u Run y <25~mgal) Duty c e 0 0 # (in) y+ Cycle (ft/sec) ±Err (ft/sec) ±Err. (ft/sec) -Uc c e 
2 .2187 .0042 .2507 .0044 .0825 .3772 
BC-2 .0119 4.98 NA 
Y2 .2191 .0045 .2645 .0046 .0986 .4502 
2 2.22 .2868 .0051 .3254 .0052· .1032 .3597 
BC-3 .01059 5.42 
% o.68 .2988 ~0044 .3347 .0045 .1015 .3397 
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